Many recent microbial genome collections curate hundreds of thousands of genomes. This volume complicates 11 many genomic analyses such as taxon assignment because the associated computational burden is substantial. 12 However, the number of representatives of each species is highly skewed towards human pathogens and model 13 organisms. Thus many genomes contain little additional information and could be removed. We created a frugal 14 dereplication method that can reduce massive genome collections based on genome sequence alone, without the 15 need for manual curation nor taxonomic information. 16 We recently created a genome representation for bacteria and archaea called "nanotext". This method embeds each 17 genome in a low-dimensional vector of numbers. Extending nanotext, our proposed algorithm called "thinspace" 18 uses these vectors to group and dereplicate similar genomes.
Introduction 25
New microbial genome collections curate hundreds of thousands of genomes. 1-3 However, many organisms tend 26 to be overrepresented. 4 For example, 9.5% of genomes in the Genome Taxonony Database (GTDB) 3 belong to E. 27 coli. This redundancy complicates downstream analyses. For example, to assign reads to taxa, a k-mer index is 28 required, 5 and this index can only be computed on a large compute cluster for genome collections of even moderate 29 size. One way to approach this problem is to dereplicate the collection, i.e., to remove copies of similar genomes. 6,7 30 Two genomes are typically considered similar if their average nucleotide identity (ANI) is above some threshold, 31 such as 0.95 at the species level. 8 However, to compare each genome with all others in the collection scales 32 quadratically with the size of the collection. We recently proposed "nanotext", a method to represent genomes 33 based on their protein domains, just like documents can be represented by the words they contain. 9 Each genome 34 is represented as an "embedding", an n-dimensional vector of numbers. These vectors can be used as direct input 35 to many dimensionality reduction and clustering algorithms. Here we propose "thinspace", an algorithm that can 36 dereplicate vast collections with millions of genomes on standard hardware without affecting task performance on 37 read-based taxon assignment.
38

Results
39
We dereplicated the entire GTDB with 150 thousand genomes down to 20 thousand (7.5%) on a regular laptop in 40 under a day using a new dereplication algorithm called "thinspace". The algorithm starts from a collection of genome 41 sequences and precomputed embeddings. Each embedding is a latent representation of a genome's protein con-42 tent in a 100-dimensional vector of numbers. 9 The algorithm returns the dereplicated input collection. Thinspace 43 uses a divide-and-conquer approach and proceeds in two main steps. First, genome vectors are grouped using an 44 unsupervised, density-based clustering method, where similar genomes -i.e., genomes with overlapping protein Performance was assessed on short (Illumina) and long (Nanopore) reads generated from 20 metagenomic biogas samples. As has been observed previously, 13 all GTDB-based collections increase the number of classified reads dramatically compared to NCBI RefSeq (p<0.001). Results are similar for long and short reads. Surprisingly, when one reduces the number of reference genomes to about one representative genome per species, the percentage of reads classified does not decrease significantly, neither by manual ("GTDB 25k" 4 ) nor automatic curation (thinspace). 1). To compare each genome in the GTDB to all others, 10.63 billion distance calculations in 48.19 CPU hours Microbial genome collections are growing towards a million genomes and beyond. Using these vast collections in 82 downstream tasks is often impossible, due to the equally large compute resources required. We solve this problem 83 by first representing genomes as vectors of numbers, and then clustering and dereplicating them in a divide-and-84 conquer strategy, which reduces the computational requirements dramatically. Common "batch" strategies, in which 85 the genome collection is randomly split into subsets, 2 are avoided. Our algorithm does not require a priori taxonomic 86 knowledge of the input genomes. The result performs equally well compared to manual dereplication on a common 87 classification task.
88
Thinspace performs two computations that the all-vs-all method does not: First, each genome needs a protein 89 domain annotation, and all annotations are used to train the nanotext genome model. 9 Second, the genome em-90 beddings have to be clustered. Thinspace uses the HDBSCAN algorithm, which scales to billions of data points. 10,11
91
The clustering performance can be further augmented by first reducing the dimensions of the embedding vectors,
92
for which thinspace provides an option using the UMAP algorithm. 15 This upfront cost has advantages compared 93 to an approach purely based on nucleotide distance: Nanotext vectors can correctly represent even incomplete 94
